almost 200 individuals have been reported in the medical literature, but it is likely that KBG syndrome is underdiagnosed because many of its features, including ID, are often mild, and none of the features are a prerequisite for the diagnosis [Sirmaci et al., 2011; Crippa et al., 2015] .
Although diagnostic criteria have been proposed by several authors, there is no consensus on the clinical diagnostic criteria for KBG [Skjei et al., 2007; Low et al., 2016; Murray et al., 2017] . Eight major criteria were initially defined (macrodontia of the upper central permanent incisors, characteristic facial appearance, hand anomalies, neurological involvement, delayed bone age, costovertebral anomalies, short stature, and the presence of a first-degree relative with KBG syndrome) [Skjei et al., 2007] . Later on, delayed bone age and costovertebral anomalies were suggested to be removed, and macrodontia was not considered a mandatory criterion any longer Low et al., 2016; Murray et al., 2017] . Minor features that can further help to establish a clinical diagnosis are otitis media and hearing impairment, seizures, cryptorchidism, feeding problems, palatal insufficiency, and delayed anterior fontanelle closure [Low et al., 2016] .
KBG is caused by heterozygous mutations in ankyrin repeat domain-containing protein 11 ( ANKRD11 ) [Sirmaci et al., 2011] or deletions of 16q24.3 including ANKRD11 [Willemsen et al., 2010; Isrie et al., 2012; Sacharow et al., 2012] . Overall, the usefulness of clinical diagnostic criteria was challenged by the identification of ANKRD11 -mutated individuals in large cohorts of patients with developmental disorders who underwent whole-exome sequencing: these individuals often showed less striking clinical features [Low et al., 2016] . Furthermore, it was recognized that some patients (5 to date) with de novo ANKRD11 mutations showed a nonclassical Cornelia de Lange syndrome (CdLS) phenotype [Ansari et al., 2014; Parenti et al., 2016] , and gene panels for CdLS were recently developed to include ANKRD11 . A possible explanation of the clinical overlap between KBG and CdLS relies on the functional effect of ANKRD11, which was shown to be a chromatin regulator that controls histone acetylation and gene expression during neural development [Gallagher et al., 2015] .
Here, we describe the clinical and molecular findings of 12 patients, whose clinical features suggested the diagnosis of KBG syndrome. We compare these patients with previously reported cases to further expand and update the phenotypic and mutational spectrum of this condition. We emphasize the importance of clinical phenotyping and the overlap with other developmental disorders.
Patients and Methods
Twenty-two patients with dysmorphic features, learning disabilities and/or behavioral problems as well as macrodontia were referred to our center in Bologna between 2004 and 2017 with suspected KBG syndrome. They all had at least 2 major criteria or 1 major criterion and 2 minor criteria according to Low et al. [2016] . None of these patients were previously reported.
Analysis of all patients included sequencing of ANKRD11 and array CGH, since MLPA analysis was not available. Analysis of coding regions and splice sites of the ANKRD11 gene (16p24.3; NM_013275.5) was performed through high-throughput targeted resequencing and analyzed with MiSeq ® platform (Illumina, San Diego, CA) on peripheral blood DNA of the patients. Variants analysis was performed with Illumina VariantStudio Software and Integrative Genome Viewer (IGV). Sanger sequencing confirmed all genetic variants detected in the index cases on re-extracted DNA, using standard protocols, and was used to test parental DNA when available. Genome-wide array analysis was performed in all patients using different array platforms according to local protocols by the referring institutions.
Results
Twenty-two unrelated patients were recruited in this study, 15 males and 7 females. Age at diagnosis ranged from 4 to 21 years. Molecular diagnosis was confirmed in 12 patients and clinical characteristics are summarized in Table 1 . Among them, 3 patients were diagnosed after the detection of a 16q24.3 deletion encompassing ANKRD11 by array CGH, while the clin-ical suspicion was confirmed by the identification of an ANKRD11 mutation with targeted sequencing in 9 patients. One patient showed clinical signs of mild CdLS (OMIM 122470), and ANKRD11 was studied after mutations in CdLS genes (sequencing of NIPBL , SMC3 , SMC1A , HDAC8 , and RAD21 ) were excluded. ANKRD11 defects resulted de novo in the 10 families where parental DNA was available for analysis (three 16q24.3 deletions and 7 point mutations) and familial in 1 patient (P9: the mutation was transmitted by the mother who presented a milder phenotype); parental samples of P5, who harbored a frameshift mutation, were not available ( Tables 2 , 3 ).
Prenatal and Perinatal Period
Few complications occurred in pregnancy, specifically: morphologic anomalies of renal and cerebral systems in 2 patients (P10, P11), decreased fetal movements in 3 (P1, P4, and P6), and IUGR in 1 patient (P5). P5 was born preterm; all the others were born at term (38-42 weeks) -5 patients with cesarean section -and 5 patients showed respiratory distress. Birth parameters were in the normal range in 11/12 patients. After birth, 1 female patient (P12) had feeding difficulties and recurrent vomiting.
Facial Features
Facial gestalt was characteristic in all cases and suggested the diagnosis in children and adult patients. Coarse face was typical, with a round face within the first 4-5 years of age and a triangular face afterwards. Synophrys, epicanthus, and ptosis were frequent, and some patients had hypertelorism or telecanthus. The most specific facial features included the shape of the nose and mouth: a bulbous nose with a prominent nasal bridge, a wide nasal base, thick alae nasi, and anteverted nares. The philtrum was long and flat in young children, the mouth showed an exaggerated cupid bow and thin vermillion of the upper lip ( Fig. 1 ) . Heart defects + - One patient (P9) showed a more severe phenotype, with microcephaly and limb abnormalities (short distal phalanges of the hands and pes cavus). Mild CdLS was the first clinical hypothesis.
Macrodontia (defined as width of a permanent upper incisors >0.92 cm) was found in all patients with permanent teeth and in 3 young patients with deciduous teeth. Four patients showed oligodontia (P3-P5 and P8), 4 enamel hypoplasia (P1, P2, P7, and P11), and 1 male patient had partial fusion of superior central and lateral incisors (P10).
Skeletal Findings
Skeletal anomalies were present in all patients. One patient had bilateral Perthes disease (P1) and another had congenital hip dysplasia (P9); accessory cervical ribs and/ or costal hypoplasia were present in 6 patients (P1-P3, P5, P6, and P10), costal hypoplasia in 3 (P4, P8, and P12), scoliosis in 7 (P1-P3, P4, P7, P9, and P11) and kyphosis in 5 (P1, P2, P3, P5, and P9); sternal abnormalities were found in 5 (P2-P4, P10, and P11). P12 had wide anterior fontanelle with delayed closure. A majority of the patients (11/12) showed joint stiffness. Typical hand anomalies were present in all individuals. Clinodactyly and brachydactyly were also detected in the feet.
Growth and Puberty
Stature was below -1 SD in 9/12 cases of which 6 patients (P1, P3, P5-P7, and P9) had a height below the 3rd centile and 3 between the 3rd and 10th centile (P4, P8, and P11).
P7, P9, and P11 required growth hormone (GH) treatment, and 2 of them showed a GH deficit (GH peak was <8 ng/mL in 2 arginine tests; P9: 5,1 ng/mL and 2,2 ng/ mL, respectively, and P11: 3,2 ng/mL and 3,9 ng/mL, respectively). Bone age was retarded in these patients. During GH therapy, patients showed a significant increase of height velocity, and their height increased by 1.0 SD ( Fig. 2 ) . Only 2 male patients were adult and reached a final height of 151.6 cm (P1) and 172.1 cm (P2), respectively.
Advanced puberty was reported in 2/7 patients (P1, P3), both males, evaluated in peripubertal age. Triptorelin therapy was used in 1 case (P1) and interrupted after 2 months due to a local adverse effect (skin abscesses).
Associated Malformations
Heart defects were reported in 5 patients. P11 had a ventricular septal defect, aortic insufficiency, and a patent foramen ovale; P3 had a ventricular septal defect and patent ductus arteriosus, and P1, P5, and P8 had mild mitral insufficiency, which was associated with tricuspid insufficiency in P5.
Hearing loss was present in 3 patients (P1, P4, and P9), and in 2 cases it was associated with ossicular malformations (P1, P4).
P2 and P10 (2/8 male patients) required surgery for cryptorchidism. Renal abnormalities were present in 4 patients: P3 and P10 showed duplication of renal pelvis, P1 developed nephrotic syndrome, and vesicoureteral reflux in P5 was surgically treated.
Ocular problems were reported in 6/12, in particular astigmatism and strabismus. Skin abnormalities were found in several patients, such as hyperpigmented skin, mild ichthyosis, and dyschromic skin.
Hematological anomalies were reported in 2/12 patients: leukopenia and thrombocytopenia (P2) as well as normochromic anemia (P11). P2 showed hypoplasia of bone marrow cells, but specific analysis of peripheral blood (FISH for chromosome 7 monosomy, deletion 5q syndrome, chromosome 8 trisomy, 20q deletion, and TERC sequencing) were negative.
Two patients had subclinical hypothyroidism (P1, P7) and another (P9) showed a small thyroid for age. Intense headaches and vertigos were reported in P1 and P9.
Neurological Abnormalities and Behavioral Issues
Brain imaging was performed in 10 patients, and 8 of them showed unspecific structural abnormalities: enlarged cisterna magna (P1, P6, P9, and P10), arachnoid cysts (P2, P4), leptomeningeal cyst (P9), Dandy Walker complex (P1), and Chiari malformation (P6).
Developmental delay and ID (ranging from mild to severe) were reported in 83.3% of the patients, and speech delay was the most common concern. All the patients showed abnormal behavior. Most patients had nonspecific behavioral traits such as hyperactivity, attention deficit, anxiety, lack of self-confidence, frustration intolerance, aggressiveness, and depression. P2 received a diagnosis of attention deficit/hyperactivity disorder. Sleep disorders occurred in P3, P6, and P11.
Patients without ANKRD11 Mutations
Ten patients who were selected for ANKRD11 analysis turned out negative, and array CGH did not identify deletions of the 16q24.3 region. They all had macrodontia and features that would satisfy the clinical criteria for KBG syndrome, although, retrospectively, facial gestalt was less typical. In one of these patients, array CGH identified a large (17.75 Mb) duplication of 12.q21.1q21.33 that was confirmed by karyotype analysis and turned out to be de novo. The patient was a 12-year-old boy with normal growth and border-line intellectual functioning, a speech delay, EEG abnormalities, costal anomalies, facial features including sinophrys, bulbous tip of the nose, thick lips, macrodontia, and 3 supernumerary teeth. After clinical revaluation of another patient, mild signs suggestive for CdLS were noted, and a causative mutation of RAD21 was identified. The remaining 8 patients do not have a specific molecular diagnosis yet.
Discussion
We describe 12 patients who were selected, based on clinical features, for targeted analysis of ANKRD11 : 9 were found to carry a heterozygous mutation within ANKRD11 , and 3 had a 16q24.3 deletion identified by array CGH ( Tables 2 , 3 ) . A summary of the major clinical features in our cohort of patients and in KBG syndrome patients previously reported in literature is shown in Table 4 . All 12 patients showed clinical features suggestive of this condition, especially distinctive craniofacial features ( Fig. 1 ) .
Overall, these individuals do not differ significantly from previous cohorts, but some inconsistencies are worth mentioning. Short stature (<10th centile in 9/12 patients) and skeletal abnormalities (12/12) are more frequent than previously reported. A contribution to short stature may come from advanced puberty, which was reported in 2/7 male patients in peripubertal age. We believe that early signs of puberty must be carefully monitored in patients diagnosed at a young age. Furthermore, possible benefits of GH therapy have already been reported [Reynaert et al., 2015] and should be evaluated. Costovertebral anomalies were initially considered as a major criterion according to Skjei et al. [2007] , but later it was proposed to exclude them from the clinical criteria needed for KBG diagnosis. All our patients had costovertebral anomalies (accessory cervical ribs, costal hypoplasia, scoliosis, and/or kyphosis), and they were helpful for the diagnosis. Joint stiffness was present in a large proportion of our patients, and we point out that this is a frequent but underestimated sign.
Considering that the diagnosis of KBG syndrome in all of these patients was suspected clinically, it is not surprising that specific clinical features are more common with respect to cohorts of patients with unknown diagnosis, who had been referred for ID or congenital defects, where ANKRD11 mutations were identified by exome sequencing (or chromosomal microarray analysis). Furthermore, all these patients were first referred to a center with a specific expertise on rare disorders and genetics of short stature, where patients with ID and skeletal anomalies will be referred more frequently than patients with isolated ID.
As expected, patients showed a variable set of neurodevelopmental issues [Lo-Castro et al., 2013] . ID ranged from mild to severe and was present in 10/12 patients. Although rather unspecific, every patient had behavioral anomalies, with a single case of diagnosed attention deficit/hyperactivity disorder. No patients had a recognized diagnosis of autism spectrum disorder. Reports of this disorder in KBG are heterogeneous; it was reported to be as high as 47% by some authors , but much lower by others [Murray et al., 2017] . This difference may be due to varying ascertainment practices and referrals in different countries; such variability has already been noted for other conditions [Schneider et al., 2014] . Seizures and EEG anomalies were present in 25% of patients. Ten patients underwent brain imaging, and cerebral abnormalities were found to be frequent (8/10) but unspecific: 4 patients showed enlarged cisterna magna, 2 had a pineal cyst, 1 had a leptomeningeal cyst, 1 DandyWalker malformation, and 1 Chiari malformation.
Regarding long-term follow-up of neurodevelopmental disorders in individuals with KBG, only 2 were adults, but both led an autonomous life. Furthermore, the mother of patient P9 was recognized retrospectively to be affected but had a job and had no problems in taking care of her children. Thus, the neurological outcome can be relatively benign, and we should stress that an early diagnosis can enable an intervention on behavioral issues and help to support adult life and independent living. Two patients showed hematological abnormalities (one had a pancytopenia with bone marrow hypoplasia and the second had anemia and leukopenia). Only 1 patient was previously reported with acute myeloid leukemia [Goldenberg et al., 2016] , and a role of ANKRD11 in cancer predisposition was proposed, but not confirmed [Neilsen et al., 2008; Lim et al., 2012] . The presence of thrombocytopenia was pointed out as a possible feature distinguishing between KBG syndrome and 16q24 microdeletion syndrome, where ANKRD11 flanking genes are also involved [Novara et al., 2017] . ZFPM1 haploinsufficiency was highlighted as the possible cause of thrombocytopenia in individuals with deletions, but we show that a hematological disorder can be present in patients with ANKRD11 point mutations, although it is not a frequent feature.
We confirm that most ANKRD11 mutations are loss of function, without mutational hot spots. We report 1 single patient with a missense mutation (P7; p.Arg2512Trp); missense variants are uncommon among KBG patients, and the definition of pathogenicity is difficult. P7 has a typical KBG phenotype, and the p.Arg2512Trp vari-ant arose de novo affecting a conserved amino acid. Furthermore, a previously reported patient has a missense variant affecting the same amino acid position (p.Arg2512Gln) [Walz et al., 2015] . Thus, we believe that this variant is pathogenic and that an Arginine in position 2512 is likely fundamental for ANKRD11 function. Of the three 16q24.3 deletions we identified, 2 are intragenic and 1 extends to ZNF778 ; P10 has typical clinical features, and ZNF778 haploinsufficiency is likely irrelevant.
Among 10 patients with a clinical suspicion of KBG syndrome but without an ANKRD11 defect, an alternative molecular diagnosis was reached in 2 of them. One has a large de novo 12q21.1q21.33 duplication, identified by array CGH and confirmed by standard karyotyping. Interstitial 12q duplications are very rare and can have little or no phenotypic effect: Barber et al. [2007] described a large transmitted duplication of 12q with partial overlap to the one we describe here that had no apparent clinical consequences. Truly, this patient is mildly affected and has no overt ID. It will be interesting to collect further patients with 12q duplications to prove whether clinical overlap with KBG syndrome is actually present. Another patient was tested, after clinical revaluation, with a gene panel for CdLS and was found to carry a RAD21 mutation. The remaining 8 patients are good candidates for whole-exome sequencing, although a clinical revaluation is currently ongoing: we cannot exclude that patients with a typical phenotype carry an undetected ANKRD11 mutation, e.g., an intragenic rearrangement, since MLPA analysis was not performed.
Clinical features of KBG syndrome can be unspecific and other disorders should be considered in the differential diagnosis. A clinical overlap with Silver-Russell syndrome (OMIM 180860) has been observed [Spengler et al., 2013] , but none of our patients had clinical features suggestive of this condition. The overlap with mild CdLS is well established and confirmed here, since 1 patient was found to carry an ANKRD11 mutation after the exclusion of pathogenic variants in CdLS genes, and a second patient was tested for CdLS genes and had a pathogenic variant in RAD21 , after ANKRD11 mutations were excluded. We certainly favor the development of CdLS gene panels that include ANKRD11 .
CdLS is included in the group of cohesinopathies, human diseases due to germinal mutations in the cohesin genes. Cohesin is a multiprotein complex first identified for its role in proper chromosome segregation and is an essential regulator of most aspects of chromosome biology, including regulation of gene expression, DNA repair, chromatin structure, and genome organization [Watrin et al., 2016] . ANKRD11 represses the transcriptional activation of target genes of nuclear receptors by recruiting deacetylases to different promoters [Zhang et al., 2004] . Both ANKRD11 and cohesin-complex are involved in gene expression regulation, and dysregulation of functionally interconnected sets of genes due to deficiency of the cohesin complex or ANKRD11 may result in overlapping phenotypic features [Parenti et al., 2016] .
Finally, it is interesting to note that at least 5 patients carried a pathogenic ANKRD11 variant in the context of a dual molecular diagnosis. Four individuals were identified through exome sequencing [Tunovic et al., 2014; Posey et al., 2017] and one through targeted sequencing, in a patient who additionally had a de novo deletion of chromosome 9q [Xu et al., 2013] . This last patient nicely exemplifies the need of detailed phenotype analysis because clinical features were felt to be more complex than expected for KBG syndrome, and array CGH identified a rare interstitial deletion described in patients with ID, short stature, and skeletal anomalies [Mucciolo et al., 2014] . In general, the presence of an independent molecular defect poses a significant hurdle to a correct clinical definition.
Conclusion
KBG syndrome is an emerging condition with a characteristic clinical phenotype in the majority of individuals. The clinical suspicion of KBG should prompt molecular analysis, and an early diagnosis is critical, because patients can benefit from interventions for behavioral issues, which are frequent, and from consideration of GH therapy for short stature. Patients should undergo routine monitoring of hearing, vision, and pubertal status. Based on our findings, hematological abnormalities deserve clinical awareness, and regular blood tests should be considered. Overall, the prognosis is fairly good with appropriate management, ID is often mild, and 2 adult patients that are in follow-up at our Institution lead an autonomous life. In the near future, it is likely that most of the ANKRD11 mutations will be identified through unbiased strategies, either by comprehensive gene panels or whole-exome sequencing. However, detailed phenotype analysis will be of major help to guide the clinical interpretation of genetic variants.
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